For a tone that is amplitude modulated by two tones ͑f mod1 and f mod2 ͒, neither the stimulus waveform nor the half-wave rectified waveform has spectral energy at the envelope beat frequency ͑f mod2 Ϫf mod1 ͒. The responses of ventral cochlear nucleus units in the chinchilla were recorded for best frequency tones that were amplitude modulated by low-frequency, two-tone complexes. Fourier analysis of poststimulus time histograms shows spectral peaks at f mod2 Ϫf mod1 in addition to the peaks at f mod1 and f mod2 . The peaks in the neural spectra arise from compressive nonlinearities in the auditory system. The magnitudes of these spectral peaks are measures of synchrony at each frequency component. For all units, synchrony at f mod1 and f mod2 is greater than the synchrony at f mod2 Ϫf mod1 . For a given unit, synchrony at f mod1 and f mod2 remains relatively constant as a function of overall level, whereas synchrony at f mod2 Ϫf mod1 decreases as the level increases. Synchrony was quantified in terms of the Rayleigh statistic (z), which is a measure of the statistical significance of the phase locking. In terms of z, phase locking at f mod1 and f mod2 is largest in chopper units, whereas onset-chopper units and primarylike units having sloping saturation in their rate-level functions show the smallest amount of phase locking. Phase locking at f mod2 Ϫf mod1 is also largest in chopper units, and smallest in onset-chopper units and primarylike units with sloping saturation.
INTRODUCTION
The cochlear nucleus is the first stage in the auditory system where neural processing can occur and is comprised of a variety of distinct neuronal subsystems that differ in terms of their morphologies, innervation, and response properties ͑for recent review see Cant, 1992; Rhode and Greenberg, 1992͒ . In recent years, several investigators have studied the responses of cochlear nucleus neurons to sinusoidal amplitude-modulated ͑SAM͒ tones and have attempted to relate the responses to the specific physiological classification of cells ͑Frisina et al., 1990; Kim et al., 1990; Rhode and Greenberg, 1994; Zhao and Liang, 1995͒. Wang and Sachs ͑1993, 1994͒ have studied the neural responses of auditorynerve fibers and anteroventral cochlear nucleus units to amplitude modulation for sounds having more complex envelopes than that of a sinewave.
It is well accepted that the auditory system is inherently a nonlinear system. Nonlinearities in the temporal ͑phase-locked͒ responses of auditory-nerve fibers to SAM tones appear as harmonic distortions that arise from the half-wave rectified nature of auditory-nerve fiber discharge ͑Khanna and Teich, 1989 ; see also Teich et al., 1993͒ . Given the nonlinearities of the auditory system in addition to half-wave rectification, it seems reasonable to suggest that these other nonlinearities may also have an effect on the neural representation of amplitude modulation when the stimulus envelope is complex. A standard method of studying nonlinearities is to examine the output of a system for the presence of distortion products when the input consists of two tones. When a single tone is amplitude modulated by a two-tone complex, there is no spectral energy at the envelope beat frequency for either the stimulus waveform or the half-wave rectified version of the stimulus. The envelope beat frequency is the difference between the two primary modulation frequencies. We use this basic approach to study the effects of nonlinearities on the neural encoding of amplitude modulation.
In the present paper, we studied the responses of ventral cochlear nucleus units to best frequency tones that were amplitude modulated by low-frequency, two-tone complexes. Low-frequency modulation was emphasized for two reasons. First, low-frequency amplitude modulation is psychophysically important. For example, modulation detection thresholds in human subjects ͑Viemeister, 1979͒ and chinchillas ͑Salvi et al., 1982͒ are lowest for modulation frequencies less than 64 Hz. Psychophysical phenomena, such as comodulation masking release ͑e.g., Hall et al., 1984͒ and modulation detection interference ͑e.g., Yost et al., 1989͒, which are thought to be important with respect to perceptual grouping, are observed primarily with low modulation frequencies. Moreover, animal vocalizations ͑e.g., Gersuni and Vartanian, 1973͒ and speech ͑Plomp, 1983͒ contain meaningful information at low frequencies in the temporal envelope. Second, from a physiological point of view, the use of low-frequency modulation reduced the possibility that the sidebands in the stimulus spectra would be asymmetrically reduced as a result of the tuning properties of auditory neurons ͑see Khanna and Teich, 1989͒ .
I. METHODS
Eighteen adult chinchillas weighing 506-766 g were anesthetized with intraperitoneal injections of sodium pentobarbital ͑65 mg/kg͒; supplemental injections were given to maintain areflexia. Body temperature was maintained around 37°C with a dc heating pad. A tracheotomy was carried out, and the external auditory meati were exposed and transected. The animal was placed in a modified headholder ͑Kopf model 900͒, and the left bulla was exposed and opened. The cerebellum was exposed by an opening in the temporal bone in a manner similar to that described for gerbils by Frisina et al. ͑1982͒ .
Indium-filled micropipettes ͑Dowben and Rose, 1953͒ or tungsten microelectrodes ͑Microprobe, Inc.͒ were used to record single unit activity. Electrodes were advanced through the cerebellum into the cochlear nucleus using an hydraulic microdrive system ͑Kopf 650͒. Using this approach, it was not unusual to hold a single unit for 1-2 h. An opening was made in the frontal bone anterior to the coronal suture, and a second microelectrode was placed in the cerebrum. Neural activity was recorded differentially; this mode of recording eliminated the electrocardiogram. Single unit activity was not isolated from multiunit clusters; all data were obtained from neural spike trains that were clearly from single units.
Data acquisition and stimulus presentation were under the control of a MassComp computer system. Neural spikes were amplified, filtered, and passed through a Schmitt trigger. The trigger pulses were digitized through one channel of a 12-bit A/D converter ͑MassComp AD12FA͒, and the times of occurrences of the trigger pulses were determined on-line relative to the onset of the stimulus. The amplified neural spikes could also be digitized through a second A/D channel and averaged on-line in order to determine whether prepotentials ͑Pfeiffer, 1966͒ were present in the averaged spike waveform. Acoustic stimuli were presented to the ipsilateral ear through a Sennheiser HD 414 SL earphone that was enclosed in a brass housing, which also held a calibration microphone ͑Brüel & Kjaeer 4134͒. Search stimuli were 100-ms bursts of either wideband noise or tones at the best frequency ͑BF͒ of the background neural activity.
When a unit was isolated, its BF was first determined using audiovisual cues. After the BF was determined, data were then collected in order to physiologically classify the unit. Classification of unit types was based on the presence or absence of a prepotential, shapes of rate-level functions, poststimulus time ͑PST͒ histograms, interspike interval ͑ISI͒ histograms, and regularity analysis ͑Bourk, 1976; Young et al., 1988͒ . BF tones were generated by the computer and presented through a 16-bit D/A converter ͑MassComp DA04H͒. The sampling rate of the A/D and the conversion rate of the D/A were 50 kHz. BF tones of 400-ms duration presented once per second with rise/fall times of 10 ms were used to generate rate-level functions over a 100-dB range in 1-dB steps. One stimulus was presented at each level, and the rate-level function was then smoothed using a five bin triangular moving window average. The smoothed firing rate produced at the ten lowest levels was used to estimate the mean and standard deviation of spontaneous discharge rate. Threshold was defined as the level which first evoked an increase in discharge rate greater than two standard deviations above the spontaneous discharge rate, provided that the next three levels were also greater than two standard deviations above spontaneous rate. PST histograms were generated for 250 presentations of a 50-ms BF tone with 2-ms rise/fall times presented once every 250 ms, typically for levels of 10-50 dB above threshold. If a PST histogram showed strong phase locking such that a characteristic discharge pattern was obscured, then BF tones were also presented with random starting phases. The characteristic discharge pattern could often be observed using random starting phases. In addition, the spike times used to generate the PST histograms were also used to generate ISI histograms and regularity histograms. Spikes that occurred during the initial 20 ms were not used for generating ISI histograms.
After the data were collected for unit classification, the responses to amplitude-modulated BF tones were studied. AM signals were generated by the computer by modulating a carrier tone with two modulator tones ͑Fig. 1͒; the equation describing this AM signal, s(t), is
where m is the modulation gain, f mod1 and f mod2 are the two modulation frequencies, and f c is the carrier frequency. In the present experiments, f c was always at BF, and m was always 1.0. the two-tone amplitude-modulated ͑2TAM͒ tones, the sideband amplitudes are Ϫ12 dB rather than the Ϫ6 dB that is observed for SAM tones. The spectrum of the half-wave rectified version of the stimulus waveform ͑Fig. 1͒ shows peaks at each of the modulation frequencies as well as peaks that correspond to each of the harmonics of f c , f c Ϯ f mod1 and f c Ϯ f mod2 . There is no spectral energy at the envelope beat frequency ͑f mod2 Ϫf mod1 ͒ for either the stimulus waveform or the half-wave rectified waveform. For stimulus presentation and data acquisition of the 2TAM signals, the conversion rate of the D/A and the sampling rate of the A/D were both 32786.9 Hz. The number of points in the 2TAM stimuli and the PST histograms were 32768, which resulted in durations of 999.423 ms. The 999.423-ms 2TAM signals were presented once every 2 s, and PST histograms were generated in response to 100 presentations of a signal. A 32 768-point FFT was carried out on these PST histograms; the resulting spectra had a frequency resolution of roughly 1 Hz. The synchronization index at the ith component in the spectrum is the amplitude coefficient, R i , divided by the amplitude coefficient for the dc term R 0 , where R i is the synchronized discharge rate and R 0 is the average rate. In the present paper, the FFTs obtained from the PST histograms are shown as 20 log(R i /R 0 ) in order to facilitate comparison with signal spectra, since signal spectra are conventionally presented in dB amplitude rather than linear amplitude. Note that this is only the synchronization index expressed in dB and is not equivalent to modulation gain used in other studies of the neural encoding of AM ͑see Rees and Palmer, 1989; Frisina et al., 1990; Kim et al., 1990; Joris and Yin, 1992͒ . Synchronization was also measured by the Rayleigh statistic, z. The Rayleigh statistic is given by
where n is the number of spikes in the histogram; z is often used to test the significance of synchronization ͑e.g., Buunen and Rhode, 1978; Ruggero and Rich, 1983; Joris and Yin, 1992͒ . The null hypothesis states that the time of occurrence of spikes is uniform through the PST histogram, and the value of z is related to the significance level. The critical value of z is 6.91 for a significance level of 0.001 when n is 500 ͑Batschelet, 1981͒. Many electrode penetrations were made in a typical experiment. In 8/18 experiments, one or two electrolytic lesions were made to mark the location of the recording electrode, although it was not the intent to identify the precise location of each individual unit within the cochlear nucleus. The tissue was fixed in 10% formalin, and frozen sections were stained with cresyl violet. Recovered electrolytic lesions and apparent indications of electrode tracks in these experiments as well as in previous experiments in this lab using the same surgical approach and angle of electrode penetration ͑Shofner, 1991͒ were always limited to the ventral cochlear nucleus; no lesions have been observed within the dorsal cochlear nucleus. In the present study, of nine lesions recovered, eight were localized to the anteroventral cochlear nucleus and one was localized to the posteroventral cochlear nucleus. Given the locations of recovered lesions, the physiological response properties of the isolated single units, and the common observation of neurophonic potentials, we are confident that our recordings are limited to the ventral cochlear nucleus.
II. RESULTS

A. Classification of unit types
The responses to 2TAM stimuli were studied in a total of 71 single units; 27/71 units ͑38%͒ were from experiments in which electrode locations were verified histologically. A total of 29 units are broadly classified as primarylike. This sample included 22 units having primarylike PST histograms, five units characterized by primarylike with notch PST histograms, 1 unit having a prepotential and phaselocked PST histograms, and one additional unit having a prepotential with an unknown discharge pattern ͑PST histogram was not measured͒. Prepotentials were observed in the averaged action potential waveform of 8/29 units. Included in this sample is one unit having a ''giant'' prepotential followed by a small spike; for this unit, the data were obtained by triggering on the prepotential and not the spike. Most units ͑26/29͒ had monotonic rate-level functions of which 8/26 were straight or showed sloping saturation; 3 primarylike units showed weakly nonmonotonic rate-level functions at the higher sound levels.
A total of 25 units are broadly classified as chopper units. This sample included 18 units characterized as transient-chopper units, 4 units characterized as sustainedchopper units, 1 unit characterized as an unusual-chopper ͑see Young et al., 1988͒ , and 2 units classified as widemode-choppers ͑see Winter and Palmer, 1990a͒ . In this sample, 17/25 units showed monotonic rate-level functions, while 8/25 units had nonmonotonic rate-level functions. Prepotentials were not observed in the spike waveform for any chopper unit.
A total of nine units are classified as onset units. Of this sample, seven units are classified as onset-chopper ͑Oc͒ units. All seven of these units had monotonic rate-level functions that either were straight or showed sloping saturation. In addition, one unit is classified as onset-abrupt, and one unit is classified as onset-gradual ͑see Bourk, 1976͒. Prepotentials were not observed for any onset units.
Finally, a total of eight additional units could not easily be classified into any of the above groups and are grouped as unusual. None of these units showed a prepotential in the spike waveform. The responses to 2TAM BF tones of this heterogeneous group of units were examined only qualitatively; these units were not included in the quantitative analysis described below. Figure 2 shows a PST histogram from a sustainedchopper unit in response to a BF tone that was amplitude modulated by a two-tone complex of 28 and 36 Hz at 8 dB above threshold for a BF tone. The corresponding neural spectrum was obtained from the FFT of the PST histogram ͑Fig. 2͒; the synchronization index is expressed in dB. The solid horizontal line shows the synchronization index re-quired for a 0.001 level of statistical significance based on the Rayleigh test of uniformity. There are two spectral peaks at 28 and 36 Hz corresponding to the modulation frequencies, and the amplitudes of these spectral peaks are about equal in magnitude. However, when compared to the spectrum of the half-wave rectified stimulus ͑Fig. 1͒, it can be seen that the neural spectrum ͑Fig. 2͒ contains peaks in addition to those at the modulation frequencies of 28 and 36 Hz. There are peaks at 56 and 72 Hz, which correspond to the second harmonics of the modulation frequencies; the spectral peak at 64 Hz corresponds to the sum of the modulation frequencies; the spectral peak at 8 Hz corresponds to the difference between the modulation frequencies ͑i.e., the envelope beat frequency͒; the peaks at 16 and 24 Hz correspond to the second and third harmonics of the envelope beat frequency, respectively. All of the amplitudes of these additional spectral peaks are less than the amplitudes of the peaks at the modulation frequencies ͑28 and 36 Hz͒. The focus of this paper will be an analysis of the spectral peaks at the two modulation frequencies and the envelope beat frequency. Figure 3 shows PST spectra obtained from a prepotential unit and a transient-chopper unit in response to BF tones modulated by two-tone complexes of 30 and 34 Hz, 28 and 36 Hz, and 24 and 40 Hz. In all examples, there are clear peaks in the spectra at the modulation frequencies as well as at the envelope beat frequencies of 4, 8, and 16 Hz. For both of these units, the amplitudes of the spectral peaks at the modulation frequencies appear to be constant across the modulation frequencies used, and the amplitudes of the peaks at the envelope beat frequencies also remain constant as the modulation frequencies change. Figure 4 illustrates the effects observed for fixed modulation frequencies as overall level increases for a primarylike unit. As level is increased above threshold, the amplitudes at the two spectral peaks at the modulation frequencies decrease slightly, whereas there is a pronounced decrease in the spectral peak at the envelope FIG. 2. ͑Left panel͒ PST histogram of a sustained-chopper unit in response to a BF tone modulated by 28 and 36 Hz. The level was at 8 dB above threshold for a BF tone. ͑Right panel͒ Spectrum of the PST histogram; synchronization index is expressed in dB for comparison to stimulus spectra. In this and subsequent neural spectra, only frequencies from 1-100 Hz are shown. The horizontal line indicates the synchronization index required for a 0.001 level of statistical significance based on the Rayleigh test of uniformity ͑critical value of zϭ6.91͒.
B. Spectral analysis of PST histograms
FIG. 3.
Top panels show neural spectra obtained from a prepotential unit ͑averaged spike waveform shown in inset͒ in response to a BF tone modulated by two-tone complexes at 16 dB above threshold for a BF tone. Bottom panels show neural spectra obtained for a transient-chopper unit in response to a BF tone modulated by two-tone complexes at 5 dB above threshold for a BF tone. The modulation frequencies are 30:34 Hz, 28:36 Hz, and 24:40 Hz. Spectral peaks at the modulation frequencies and the envelope beat frequencies are indicated.
beat frequency as level increases. These qualitative effects were observed for most units that showed either flatsaturation or nonmonotonicities in their rate-level functions at higher levels, regardless of physiological type.
The responses of units having rate-level functions that were straight or showed sloping saturation differed from those described above. Figure 5 shows the neural spectra for a primarylike unit having a straight rate-level function. There are two peaks in the neural spectra corresponding to the two modulation frequencies. However, the peaks corresponding to the envelope beat frequency are either small or not clearly defined. There does not appear to be any large effect of overall level for this unit. Figure 6 shows neural spectra for the primarylike unit having a ''giant'' prepotential. The prepotential of this unit was much larger in amplitude than the action potential; consequently the Schmitt trigger pulses were set to trigger on the prepotential rather than the action potential. This unit also showed sloping saturation in its ratelevel function. Again, at each sound level, there are two spectral peaks located at the modulation frequencies, but the peak at the envelope beat frequency is either relatively small or not clearly defined. Primarylike units having rate-level functions that were straight or showed sloping saturation gave neural spectra to 2TAM tones that are relatively linear in that the peaks at the envelope beat frequencies appeared to be smaller than those observed in other units.
It should be noted that the onset-abrupt and onsetgradual units did not show phase locking to either the modulation frequencies or to the envelope beat frequency. Both of these units discharged spikes in a phasic manner; that is, they discharged spikes only at the onset of the 2TAM stimulus. Neither of these units showed any low level sustained firing during the steady-state portion of the PST histograms. This pattern of discharge was even more phasic than that of the onset-chopper units in response to the 2TAM BF tones. Even the most phasic of the onset-chopper units discharged a few spikes during the 2TAM stimulus ͑see below͒.
C. Quantitative analysis of envelope synchrony
For the quantitative analysis described below, the responses are divided into four groups of units. All subcategories of primarylike units having rate-level functions that either showed flat saturation ͑18 units͒ or were slightly nonmonotonic ͑3 units͒ have been combined as one group. For the remainder of the paper, we will use ''Primarylike'' to refer to this broad grouping of 21 units described above and ''primarylike'' to refer to the specific subcategory of discharge pattern. The second group of units is made up of the eight primarylike units that had rate-level functions that were straight or showed sloping saturation. We will refer to this group as pri ͑sloping͒ units. All subcategories of chopper units have been combined together to form a third group of 25 units; we will refer to the group as ''Chopper,'' but will use ''chopper'' to refer to the specific discharge pattern. Again, this group is also characterized by rate-level functions that showed flat saturation or nonmonotonicities at higher sound levels. The fourth group of units is made up of the seven onset-chopper units, and we will refer to this group as the Oc units. Like the pri ͑sloping͒ units, the Oc group of units is characterized by rate-level functions that are straight or show sloping saturation. the PST histograms is described below. The amplitude of any spectral peak is a measure of phase locking of a unit to that particular frequency component. Figure 7 illustrates the relationship between the synchronization index at f mod2 as a function of the synchronization index f mod1 across all Primarylike, pri ͑sloping͒, Chopper, and Oc units. There is a linear relationship between the synchronization indices at f mod2 and f mod1 ; the linear regression through the origin has a slope of 1.03. The r 2 of the regression line is 0.996; that is, this regression line through the origin accounts for 99.6% of the variance of the data points. This unity relationship between the synchronization index of f mod1 and f mod2 is expected if the two pairs of sidebands fall completely within the auditory filter. Thus, these data suggest that for the modulation frequencies used in the present study, there is no asymmetrical attenuation of one sideband with respect to the other sideband in this sample of units.
Scatter diagrams showing synchronization indices at the modulation frequencies as a function of level for the four groups of units are presented in Fig. 8 . The distributions of synchronization indices for Primarylike and pri ͑sloping͒ units are essentially identical. In contrast, there is a greater proportion of Chopper responses having higher synchronization indices than Primarylike responses. The distributions of synchronization indices for Chopper and Oc units are similar.
We argue ͑see Sec. III͒ that it may be misleading to make quantitative comparisons across units when the average firing rates are not equal ͑i.e., unequal total number of spikes in the PST histograms͒. based on the synchronization indices, these data suggest that the information in the phase-locked discharge about the modulation frequencies and envelope beat frequency is more robust for the onset-chopper unit than for the transientchopper unit. In this example there are 4708 spikes in the PST histogram for the transient-chopper unit, but only 440 spikes in the PST histogram for the onset-chopper unit. Since the number of stimulus presentations and the duration were constant ͑i.e., 100 repetitions; 999.423 ms͒, the average firing rates are 47.1 spikes/s for the transient chopper unit and 4.4 spikes/s for the onset-chopper unit.
As an alternative, we also computed the Rayleigh statistic, z, and use this as a measure of synchrony ͓see Eq. ͑2͒ in Sec. I͔. The values of z at the modulation frequencies and envelope beat frequency for the transient chopper at 10 dB above threshold are 1584, 1476, and 188, respectively. In contrast, the z values for the onset-chopper at 9 dB above threshold are 209, 234, and 138 for the two modulation frequencies and the envelope beat frequency, respectively. Comparison of the z values between these two units suggests that the information in the phase-locked discharge about the modulation frequencies and envelope beat frequency is more robust for the transient-chopper unit than for the onsetchopper unit. Figure 11 shows scatter diagrams of synchronization expressed as the Rayleigh statistic (z) as a function of level above threshold for Primarylike, pri ͑sloping͒, Chopper and Oc units, respectively. Casual comparison of the scatter plots of z values for the modulation frequencies ͑open triangles, Fig. 11͒ suggests that the z values do not decrease as level increases, but rather are independent of level. In response to the modulation frequencies at levels between 0 to 35 dB above threshold, for Primarylike units, the values of z are roughly evenly scattered around 1000. In contrast, it appears that the majority of z values for Chopper units are у1000 over this same range of levels, whereas few z values for either pri ͑sloping͒ or Oc units are у1000. For Primarylike units, the average z value between 0 to 35 dB above thresh- old is 974.8, whereas the average z value for the Chopper units over the 0-to 35-dB range is 1797.6. For pri ͑sloping͒ units, the average z value between 0 to 35 dB above threshold is 642.8, but the average is only 398.7 for Oc units between 0 to 35 dB above threshold. The normal approximation to the Mann-Whitney ranking test ͑Zar, 1974͒ was used to test the significance of the z values between 0 to 35 dB above thresholds. The z values of the Chopper units are significantly greater than the z values for the Primarylike units Phase locking to the envelope beat frequencies is also shown in terms of Rayleigh statistics ͑filled circles, Fig. 11͒ for each unit type. For Primarylike units, the average z value at the envelope beat frequency is 74.1 at 0 to 35 dB above threshold, whereas for pri ͑sloping͒ units, the average z value at the envelope beat frequency is 33.6 over the same range of levels. In contrast, the average z value at the envelope beat frequency for Chopper units is 221.7 between 0 to 35 dB above threshold. The average z values at 0 to 35 dB above threshold at the envelope beat frequencies for Oc units is 62.4. As can be observed in Fig. 11 , most of the responses at the envelope beat frequencies of 2TAM BF tones in all four unit groups fall above the horizontal line at 6.91 and thus, show statistically significant phase locking to the envelope beat frequency ͑critical value of z is 6.91 at a significance level of 0.001͒. The above average z values suggest that the magnitude of the nonlinear response is largest for the Chopper units. Based on the normal approximation to the MannWhitney ranking test, the z values at the envelope beat frequencies between 0 to 35 dB above threshold are significantly larger in Chopper units than in Primarylike units ͑PϽ0.01͒; the z values at the envelope beat frequencies are significantly larger for Primarylike units than for Oc units ͑PϽ0.01͒; the z values at the envelope beat frequencies are significantly larger for Oc units than for pri ͑sloping͒ units ͑PϽ0.01͒.
III. DISCUSSION
A. General comments
In the present paper, we studied the responses of ventral cochlear nucleus units to BF tones that were amplitude modulated by low-frequency, two-tone complexes. The cochlear nucleus is the first stage in the auditory system where neural processing can occur and is comprised of a variety of distinct neuronal subsystems that differ in terms of their morphologies, innervation, and response properties ͑for reviews see Cant, 1992; Rhode and Greenberg, 1992͒ . The present results show that VCN units encode both the modulation frequencies and the envelope beat frequency in their temporal discharge patterns. The synchronous discharge to the envelope beat frequency arises from nonlinearities in the auditory system other than half-wave rectification.
Before we discuss the present results, it is necessary to comment on the quantitative analysis of the responses to 2TAM tones. Synchronization index is the most commonly used metric to describe phase-locking quantitatively. However, it may be misleading to make comparisons across units using synchronization index when the average firing rates are not equal. Figures 9 and 10 illustrate the potential bias for a transient-chopper unit and an onset-chopper unit, respectively. Comparison of the synchronization indices for the onset-chopper unit with those for the transient-chopper unit suggest that the information in the phase-locked discharge about the modulation frequencies and envelope beat frequency is more robust for the onset-chopper unit than for the transient chopper unit. The comparison of synchronization indices in this example is biased, because the synchronization index is dependent on the total number of spikes in the histogram. One way to avoid this problem is to vary the number of stimulus presentations so that the total number of spikes in all PST histograms are equal. An alternative is to use a measure of synchrony that takes into account the number of spikes in the histograms. As described in Sec. I, we also computed the Rayleigh statistic, z, and use this as a measure of synchrony. The Rayleigh statistic takes into account the number of spikes in the histogram. This measure also takes into account average firing rate in addition to the synchronization index, since the duration and number of repetitions were the same for all PST histograms. The advantage of the Rayleigh statistic is that its magnitude is directly related to the statistical significance of the synchronization index. That is, the larger the value of z, the greater is the level of statistical significance for phase locking. Consequently, the use of z as an alternative measure of synchrony can facilitate a more direct comparison of phase locking across units when the total number of spikes are unequal. Thus, the phase-locked neural information for the transient-chopper unit is statistically more reliable than the neural information in the discharge of the onset-chopper unit, even though the synchronization indices are larger for the onset-chopper unit. However, it should be emphasized that because z is dependent on the number of spikes in the histogram, comparisons across units should be limited to conditions in which the duration and number of stimulus presentations are the same for all histograms. Moreover, we are only using z as an analytical tool to evaluate the phase-locked information in the neural spike train. Although a larger z does reflect a greater level of statistical significance, it does not mean that statistical significance is equivalent to functional significance. That is, we are not suggesting that higher neurons process the spike train in a manner analogous to computing z.
B. Responses to low-frequency modulation
The results of the quantitative analysis suggest that there is a ranking among the major groups of units in the cochlear nucleus with respect to their ability to phase lock to the low frequency modulation. Based on the values of the Rayleigh statistic, z, the ranking of phase-locked responses to the low frequency modulator tones is ChopperϾPrimarylikeϾpri ͑sloping͒ϾOc.
Chopper units correspond morphologically to stellate cells ͑Rhode et al., 1983; Rouillier and Ryugo, 1984; Smith and Rhode, 1989; Ostapoff et al., 1994͒ . Stellate cells have large dendritic fields and receive substantial auditory nerve inputs in the form of bouton synapses on their dendrites ͑Cant, 1981; Smith and Rhode, 1989͒ . Consequently, the auditory nerve inputs are low-pass filtered by the electronic architecture of stellate cells ͑White et al., 1994͒. Since the auditory nerve input is also half-wave rectified in nature before it is low-passed filtered by the stellate cell dendrites, chopper units effectively act as envelope extractors for lowmodulation frequencies. Primarylike units correspond to bushy cells ͑Rhode et al., 1983; Rouillier and Ryugo, 1984; Smith and Rhode, 1987; Ostapoff et al., 1994͒ , which receive auditory nerve input directly on the somas in the form of calyx synapses ͑Brawer and Morest, 1975; Cant and Morest, 1979; Ryugo and Fekete, 1982͒ . Consequently, bushy cells preserve the temporal information in the auditory nerve ͑Blackburn and Sachs, 1990; Winter and Palmer, 1990b; Rothman et al., 1993; Joris et al., 1994͒ . In rodents, auditory-nerve fibers are characterized by three types of rate-level functions: saturating, sloping saturation, and straight ͑Winter et al., 1990͒. The small sample of pri ͑sloping͒ units in the present study are presumably bushy cells that receive strong inputs from auditory-nerve fibers having rate-level functions characterized by sloping saturation and straightness. In our sample, both Chopper units and Primarylike units showed similar ranges of average firing rates between 0 to 35 dB above threshold in response to the 2TAM tones. However, Chopper units typically gave larger synchronization indices than Primarylike units ͑Fig. 8͒. As a result of the larger synchronization indices, the z values tended to be larger in Chopper units than in Primarylike units. Although Primarylike and pri ͑sloping͒ units gave similar synchronization indices ͑Fig. 8͒, pri ͑sloping͒ units generally showed lower average firing rates in response to 2TAM tones between 0 to 35 dB above threshold than Primarylike units; consequently, z values were lower for pri ͑sloping͒ units than for Primarylike units.
In contrast, onset-chopper units provide some of the least statistically reliable temporal information about lowfrequency modulation based on z. Onset-chopper units correspond morphologically to multipolar stellate cells ͑Smith and Rhode, 1989͒, which receive auditory nerve inputs on their dendrites as well as substantial auditory nerve input on the soma ͑Smith and Rhode, 1989͒. The average firing rates in response to the 2TAM tones between 0 to 35 dB above threshold were generally lower in onset-chopper units than in either Primarylike or Chopper units. Even though the synchronization indices obtained from onset-chopper units could be high ͑Fig. 8͒, the z values are relatively low, because these units often do not give large firing rates in response to the low frequency modulated stimuli. The lower z values indicate a lower level of statistical significance of phase locking.
Previous investigations of the phase-locked responses of ventral cochlear nucleus units have also described a ranking of responses to SAM BF tones ͑Frisina et al., 1990; Rhode and Greenberg, 1994͒ . In these studies, the phase-locked responses to modulation frequencies at 150 Hz ͑Frisina et al., 1990͒ or at the best modulation frequencies ͑ϳ300-500 Hz, Rhode and Greenberg, 1994͒ were largest for onset units ͑onset-L in Frisina et al. and onset-chopper in Rhode and Greenberg͒, lowest in primarylike units and intermediate among chopper units. Wang and Sachs ͑1994͒ reported a similar hierarchy among anteroventral cochlear nucleus units in response to single formant vowel stimuli having complex envelopes with a period of ϳ8 ms ͑ϳ125 Hz͒. Thus a major difference between the above studies and the present results is the ranking in which onset units are placed in the hierarchy. The discrepancy in the ranking of onset units may reflect physiological mechanisms and/or analytical methods. Recent physiological evidence suggests that onset units integrate information across frequencies and give stronger excitatory responses to broadband stimuli than for narrowband stimuli ͑Winter and Palmer, 1995͒. The ranking of responses in the previous studies may be due in part to the use of modulation frequencies in the range of 125-500 Hz. These modulation frequencies will produce stimuli having a broader bandwidth than the stimuli used in the present study, which have narrower bandwidths by comparison. The modulation frequencies used in the present study are well below the best modulation frequencies of ventral cochlear nucleus units. In response to low modulation frequencies, the present results show that phase locking is highest in both chopper units and Oc units when measured in terms of synchronization index. However, when evaluated in terms of the Rayleigh statistic, phase locking is the strongest in chopper units and the weakest in Oc units. It is also interesting to note that when we examined phase locking in terms of synchronized rate (R i ), chopper units again showed the strongest phase locking and Oc units showed the weakest phase locking. Thus chopper units consistently showed the strongest phase locking to low-frequency modulation, regardless of how phase locking was measured.
Psychophysically, modulation detection thresholds in human subjects ͑Viemeister, 1979͒ and chinchillas ͑Salvi et al., 1982͒ are lowest for modulation frequencies Ͻ64 Hz. Moreover, psychophysical phenomena such as comodulation masking release ͑e.g., Hall et al., 1984͒ and modulation detection interference ͑e.g., Yost, 1989͒, which are thought to reflect processing involved with perceptual grouping, are observed primarily with low modulation frequencies. There is also significant energy below 30 Hz in the temporal envelopes of animal vocalizations ͑Gersuni and Vartanian, 1973͒ and continuous speech ͑Plomp, 1983͒. The best modulation frequencies described in the previous SAM studies cited above produce a strong periodicity pitch, whereas the low modulation frequencies used in the present study ͑typically р40 Hz͒ do not result in the perception of pitch, but rather in a perception of roughness ͑see Mathes and Miller, 1947͒ . The neural information that underlies different periodicity perceptions may ultimately arise from different neuronal populations in the cochlear nucleus. The present results show that cochlear nucleus units, particularly chopper units, provide statistically reliable information in their temporal discharge patterns about low frequency amplitude modulation. Thus chopper units ͑stellate cells͒ may be a neuronal subsystem important for extracting and processing the low modulation frequencies in the temporal envelopes of complex sounds.
C. Nonlinear responses to envelope beat frequency
The present study was undertaken to investigate the nonlinear processing of stimulus envelope in the discharge properties of ventral cochlear nucleus units. A standard method of investigating the presence of nonlinearities is to stimulate the system with two tones and examine the output of the system for energy at frequencies other the two input tones. We examined the spectra of PST histograms generated in response to BF tones that were amplitude modulated by lowfrequency, two-tone complexes. The results of the present study show that in response to amplitude modulation by lowfrequency, two-tone complexes, ventral cochlear nucleus units can show statistically significant phase-locked activity to the envelope beat frequency in addition to the significant phase locking observed for the low-modulation frequencies. For a given unit, the synchronization to the envelope beat frequency is less than the synchronization to the primary, low-frequency modulators. Although there are examples in Fig. 11 in which data points for beat frequencies lie above data points for modulation frequencies, these data points correspond to different units. In our sample of responses, the amplitude of the spectral peak at the envelope beat frequency was never observed to be greater than or equal to the amplitudes of the spectral peaks at the two modulation frequencies within a given unit. In addition to the hierarchy observed in response to low frequency modulation, we also observed a difference among units in response to the envelope beat frequencies. The ranking of phase-locked responses to the envelope beat frequencies as measured by z is ChopperϾPrimarylikeϾOcϾpri͑sloping͒.
Thus Chopper units also provide the most statistically reliable neural information about the envelope beat frequency among the groups of units studied.
The phase-locked activity to the envelope beat frequency is a nonlinear response, because the stimulus waveform contains no spectral energy at the envelope beat frequency. Moreover, this nonlinear response must arise from a nonlinearity other than half-wave rectification, since the halfwave rectified waveform also contains no spectral energy at the envelope beat frequency. One type of nonlinearity that could potentially give rise to the results obtained in the present study is an asymmetrical reduction of the upper sidebands with respect to the amplitudes of the lower sidebands due to the asymmetry of the auditory tuning curves ͑see Khanna and Teich, 1989͒ . The use of low-frequency modulators makes it likely that all of the spectral energies of the sidebands fell within the tuning curve and were not asymmetrically attenuated. Empirically, the synchronization indices obtained for f mod1 were equal to those obtained for f mod2 ͑see Fig. 7͒ . Thus we argue that the nonlinearity that gives rise to the phase locking at the envelope beat frequency is not likely to be due to asymmetrical attenuation of the upper sidebands with respect to the lower sidebands. That is, for the modulation frequencies used in the present paper, the presence of the nonlinear response at the envelope beat frequency is not merely a reflection of the tuning properties of the neurons.
The presence of the spectral peaks at the envelope beat frequencies is easily accounted for by the addition of a compressive nonlinearity to the system in addition to half-wave rectification. Figure 12 illustrates three examples of compressive nonlinearities. These include a compressive power function, peak clipping as a form of a saturating nonlinearity, and a threshold. These functions are compressive in nature, because they decrease the amplitude of the half-wave rectified waveform. As shown in Fig. 12 , all three compressive nonlinearities produce a spectral peak at the envelope beat frequency. The contribution of specific compressive nonlinearities to the neural responses described in this paper is beyond the scope of the present study. These compressive nonlinearities originate in the cochlea. Regan and Regan ͑1993͒ have shown that the compressive characteristics of the hair cell input-output function result in frequency components in the output that are not found in the input when the stimulus is a single tonal carrier that is modulated by the sum of two sinusoids. Although the compressive nonlinearities originate in the cochlea, it is interesting to note that the pri ͑sloping͒ and Oc units possess the least amount of compression in that their rate-level functions were straight or showed sloping saturation rather than flat saturation. These are also the units that showed the least statistically reliable neural information about the envelope beat frequency ͑i.e., these units had the lowest z values͒.
The envelope beat frequency of a low-frequency, twotone modulated tone can act as a masker for the detection of amplitude modulation of a probe tone ͑Sheft and Yost, 1996͒. These authors found that the modulation detection thresholds at 4 Hz increased if the modulated probe was presented with masking tones that were amplitude modulated by a two-tone complex in which the envelope beat frequency was also 4 Hz. The amount of masking decreased when the masker envelope beat frequency and the probe modulation frequency were increased for 4 to 10 Hz. The presence of peaks at the envelope beat frequencies in neural spectra provides a potential neural correlate for the psychophysical data. The present results demonstrate that statistically reliable neural information about the envelope beat frequency of a lowfrequency, two-tone amplitude modulated tone exists in the temporal discharge pattern of cochlear nucleus units. However, it is unclear as to why the masking would exist at the FIG. 12 . Left hand panels show examples of half-wave rectified stimulus waveforms with an additional compressive nonlinearity. The carrier frequency is 1000 Hz and the modulation frequencies are 28 and 36 Hz. Right hand panels show the corresponding spectra. The peak at the envelope beat frequency is labeled by the 8. The specific compressive nonlinearity is shown in each of the panels; X is the amplitude of the stimulus waveform, c is a constant. Top is a compressive power function in which the stimulus amplitude is raised to the 1/3 power; middle is peak clipped in which the stimulus amplitude is a constant if the amplitude is greater than a constant; bottom is a threshold in which the stimulus amplitude is reduced by a constant.
envelope beat frequency when the neural spectral peaks at the envelope beat frequency are less than the neural spectral peaks at the two modulation frequencies. It has been shown that the best modulation frequencies of temporal modulation transfer functions ͑TMTFs͒ obtained from neurons recorded at various levels of the auditory system decreases as one ascends the auditory pathway. For example, the cutoff frequencies for the low-pass TMTFs in the auditory nerve can be greater than 1000 Hz ͑Joris and Yin, 1992͒, whereas in the auditory cortex, the average best modulation frequencies of neuronal TMTFs are typically р30 Hz ͑Schreiner and Urbas, 1988͒. Although in ventral cochlear nucleus units the amplitude of a neural spectral peak at the envelope beat frequency is less than those corresponding to the modulation frequencies, it is possible that in auditory cortical units, the synchronization to the envelope beat frequency is greater than or equal to the synchronization to the low-frequency modulator tones. Another difficulty in relating the neurophysiological results to the psychophysics is that the magnitudes of the peaks in the neural spectra at the envelope beat frequencies were independent of the beat frequency, whereas the masking by the envelope beat frequency observed psychophysically decreased as envelope beat frequency increased ͑Sheft and Yost, 1996͒. Neural recordings in auditory nuclei above the cochlear nucleus may provide some insight into the differences between the physiological and psychophysical data.
